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NOTICES

The matter contained in this document has been prepared for informational purposes
to assist Federal Departments and Agencies in the safe conduct of those activities
whichinvolve chemical propellants, The reader is cautioned that the contents have
been prepared for use by persons knowledgeable in the technical areas concerned and
that such experts need to be duly consulted whenever the contents are to be utilized.
The information and recommendations found herein have been compiled from sources
believed to be reliabie and to represent the best opinion on the subject at the time of
preparation. Since these source publications are under continuing revision, the
newest revision should be consulted in instances where specific state-of-the-art in-
formation is desired by the user,

No warranty, guarantee, or representation, expressed or implied, is made by the
Hazards Working Group on behalf of the U. S. Government as to the absolute cor-
rectness of sufficiency of any representation contained in this document, and the
U. S. Government assumes no responsibility in connection therewith, nor can it be
assumed that all acceptable safety measures are contained in this or associated doc~
uments, or that other or additional measures may not be required under particular
or exceptional conditions or circumstances. The originator(s), in submitting the
material is(are) acting in accordance withthe reguirements of his(their) contract and
neither the originator(s) nor the disseminator(s) assumes(assume) any liability to
parties adopting any product, process or practice based upon the usage of the infor-
mation herein contained.

This manual is intended as a source of information and as a guide for the handling,
processing, storage and transportation of chemical rocket propellants and ingredi-
ents; primary attention is given to the controlled, on-site, situation and circum-
stances. Itisnotintended as a regulation concerning the manufacture, storage, use
and distribution operations with propellants or propellant ingredients at privately
owned facilities. Regulatory bodies and responsible authorities are therefore cau-
tioned against direct application of these guidelines to any specific location or op-
eration without considering the judgement and experience of trained personnel in the
areas of concern.
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FOREWORD

This volume is intended as a source of information and as a set of bacic guidelines
for the processing, handling, storage, and transportation of chemical propellants
and propellant ingredients. The work was accomplished under the auspices of the
Joint Army, Navy, NASA, Air Force Propulsion Committee (JANNAF), formerly
the ICRPG, and its Liquid Propellant Subcommittee. The work was managed by
the Technical Steering Committee of the Hazards Working Group and performed
by the committee members and participants of the Hazards Working Group. The
complete work—Chemical Rocket/Propellant Hazards—consists of three volumes,
each a task of one or more of the committees as indicated below:

Chemical Rocket/Propellant Hazards

Volume I - "General Safety Engineering Design Criteria,” by the
October 1971  Safety Criteria Committee and assisted by all of the
committees of the Hazards Working Group.

Volume II - "Solid Rocket/Propellant Processing, Handling, Storage,
May 1970 and Transportation,” by the Solid Propellant Manufac-
turing, Handling, and Storage Committee and assisted by
the Committee on Environmental Health and Toxicology.

Volume III - "Liquid Propellant Handling, Storage, and Transporta-

May 1970 tion,” by the Liquid Propellant Handling and Storage
Committee and assisted by the Committee on Environ-
mental Health and Toxicology.

Volumes I and II both represent a new effort as part of the Hazards Working Group's
task to prepare a set of guidelines for use by participants inthis expanding chemical
propulsion industry. The Liquid Propellant volume represents a complete revision
of earlier material which was published January 1963 under the title "The Handling
and Storage of Liquid Propellants, " Office of the Director of Defense Research and
Engineering, Publication No. D4.10:P94/963. It was offered for sale by the Super-
intendent of Documents, U. S. Government Printing Office, Washington, D. C. and
is now out of print after a distribution of nearly 10,000 copies. Additional distri-
bution of the same work was accomplished by way of the Department of the Navy,
Manual OP-3199 (1 June 1965) and the Department of the Air Force, Manual AFM-
160-39 with added environmental health and toxicological data (as Appendix F) by
the USAF Medical Service (1 April 1964).

The individual chapters in all three volumes of this work have been reviewed by
experienced personnel from industrial organizations and from laboratories and re-
search centers of the three military services and NASA. We now earnestly solicit
your comments as users. Comments on the technical content, format, or scope of
this work should be addressed to:

Andreas V. Jensen
Chemical Propulsion Information Agency
The Johns Hopkins University
Applied Physics Laboratory
8621 Georgia Avenue
Silver Spring, Maryland 20910
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INTRODUCTION

CHAPTER 1

INTRODUCTION

1-1 PURPOSE AND SCOPE

1-1.1 PURPOSE. This publication is intended to pro-
vide general guidance, safety criteria, procedures, in-
structions, precautions, and other related guideline
technical information as assistance to those responsible
for minimizing the hazards associated with the handling,
storage, transportation, and use of liquid/solid propel-
lants. .

1-1.2 SCOPE. Information contained in this document
has been prepared to assist Federal Departments and
Agencies in planning for the safe conduct of activities
which involve chemical liquid/solid propellants. Al-
though the use of these guidelines is not necessarily
restricted to Government-owned and/or operated faci-
lities, the user is hereby forewarned that the applica-
bility of the information to any specific location, situa-
tion or operation depends upon proper interpretati. n by
experts in the fields of chemical propulsion and safety
engineering. The scope of the information is restricted
so that the procedures and operations described are
those usually undertaken by a military establishment or
other Government organization utilizing personnel who
have been screened for and trained and certified in an
exploratory development and testing program in the
field of chemical rocket propulsiun. This publication
represents an attempt to describe the types of hazards
that may be found in processing, handling, transferring
and use operations involving chemical propellants and
ingredients,

This volume covers General Safety Engineering De-
sign Criteria within the limitations described above.
The basic philosophy of medical and environmental fac-
tors is explained from the point of view of the environ-
mental health officer or professional toxicologist. The
section on Blast, Fragmentation, and Damage is rather
fully developed and includes sufficient data and nomo-
grams to the extent that a worker in the field of safety
engineering may make quick calculations of fragmenta-
tion distance and estimate the damage for a wide variety
of situations. A nucleus for successful fire prevention
and protection program is provided. Because of diffi-
culties encountered in obtaining and trying to convert
such information into usable, meaningful form, it does
not contain specific fire-fighting guidelines for each and
every propellant and/or propellant combination which is
conceivably found in an exploratory development opera-
tion. Sufficient information is given on each of the
widely used systems and single ingredients so that ex-
perienced personnel may estimate certain synergistic
effects and develop a plan to cope with the ingredients
of a particular system under consideration.

It should be understood by the user of the information
contained herein that it is the ultimate responsibility of
the supervisory and safety personnel to develop specific
written operating procedures and a check list for their
facility personnel. It is also their responsibility to see
that periodic calibration of detection instruments is per-
formed and logged by qualified personnel,
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1-2  BACKGROUND

The preparation of this document involved informal
coordination among personnel of the U. S. Army, Navy,
Air Force, NASA, other Government organizations, and
many of their contractors under the sponsorship of the
Liquid Propellant Subgroup of the Interagency Chemical
Rocket Propulsion Group (ICRPG) ‘ryw JANNAF).

The ICRPG Working Group on Hazards, under the man-
agement of its Technical Steering Committee, was
tasked to develop the information. The Working Group
unt Hazards has drawn freely from the expertise and in-
formation provided by cooperating chemical/rocket pro-
pellant and propulsion systems manufacturers, produc-
ers and users from the private sector and from local,
State, and Federal Government Departments and Agen~
cies,

1-3 APPLICABILITY

This manual is intended as a source of information
and as a general guide for Federal and Military Depart-
ments and Agencies to assist them in safely conducting
activities which involve chemical liquid/solid propel-
lants. It is not intended as a regulation concerning the
manufacturing, handling, storage, transferring, distri-
buting or use operations involving propellants or pro-
pellant ingredients at either publicly- or privately-
owned facilities.

Statements made herein with 'mandatory language'—
must, shall or will— and the use of the word 'approved’
are meant to indicate a majority and not necessarily
unanimous opinion of a group of experts within the area
under discussion and they have no regulatory effect un-
less the cited section is otherwise implemented and
made mandatory by DoD, Military or Agency instruction.

1-4 MEDICAL AND ENVIRONMENTAL FACTORS

1-4.1 GENERAL INFORMATION. There are numerous
systems of recommendations for evaluating safe concen-
trations of airborne contaminants. Some of these appear
to overlap and this condition can lead to improper appli-
cation or failure to establish or prescribe a safe working
environment. The confusion is bound to become multi-
plied as new contaminants and circumstances are con-
sidered as well as by the entry of additional regulatory
agencies into the field. Insofar as each recommended
level and Lystem serves a unique and useful purpose,
each is desirable;, however, unnecessary duplication and
the lazk of understanding should be avoided at the opera-
tional and first line supervisory level.

Personnel working with rocket propellants need to be
concerned about two conditions of exposure to atmos-
pheric contaminants. Some materials may be encoun-
tered more or less regularly, perhaps continuously, in

1-1
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the working environment. Employees might thus be ex-
posed for eight hours a day, five days a week, for a long
period of time. Infrequently, emergencies occur in
which a person may be exposed to an atmospheric con-
taminant at a high concentration for a brief time. Re-
commend~rtions for safe exposures under these two con-
ditions are provided by various groups of experts. Var-
ious instrumental methods for detection of airborne
contaminants are described in detail within this work.
(See Section 5-7—Hazards Monitoring (Detection of
Leaks and Gaseous Effluent) of this volume (I) and Ap-
pendix D—Detection Equipment of Volume HI. )

1-4.2 DAILY EXPOSURE IN THE WORK ENVIRON-
MENT. Hygienic standards for eight hour exposure are
intended to serve as guides to industrial management in
maintaining safe working environments for the selected
population of healthy workers. These standards assume
an exposure of eight hours per day, five days per week,
for an indefinite portion of the employees' working life-
time. They are not intended to be converted by mathe-
matical extrapolation to shorter or longer exposure
periods nor are they intended to be applied to a general
population.

1-4.2.1 Threshold Limit Values (TLV's—ACGIH). The
American Conference of Governmental Industrial Hy-
gienists (ACGIH) annually adopts a list of Threshold
Limit Values of Airborne Contaminants and Intended
Changes, These are concentrations of contaminants
to which it is believed that nearly all workers may be
exposed without adverse effect. Most of the values are
averages for the eight hour exposure and thus allow for
minor fluctuations above and below the TLV. Some of
the values are designated as "'C" or ceiling values and
are not to be exceeded even briefly. Provision is also
made for the calculation of TLV's for mixtures of con-
taminant materials. ACGIH does not consider the
TLV's to be appropriate for legislative regulations.
These values are the most universally used and are
commended to the users of this manual as guidelines.
The annual listing may be purchased from the Secre-
tary, ACGIH, 1014 Broadway, Cincinnati, Ohio 45202.
(Reference 1)

1-4,2.2 Threshold Limits (Pennsylvania). The Penn-
sylvania Department of Health under Legislative Article
432 issues "Regulations Establishing Threshold Limits
in Places of Employment"”. These closely resemble the
ACGIH—-TLV's; however, in addition, the Pennsylvania
Advisory Health Board issues regulations for TLV's
for materials not included in the ACGIH list. Regular
amendments to the regulations are issued which contain
additions, revisions, and deletions. Those concerned
with these regulations may obtain copies from the Divi-
sion of Occupational Health, P. O. Box 90, Harrisburg,
Pennsylvania 17120. Similar regulations have been is-
sued by other states including Connecticut, Massachu-
setts, Michigan, New York and Washington. Copies
may be obtained from the corresponding state depart-
ments of health.

1-4.2.3 USASI Acceptable Concentrations (AC's). The
United States of America Standards Institute has estab-
lished standards for acceptable concentrations for ma-
terials which may be encountered in industrial atmos-
pheres. They represent the concentrations of contami-
nants below which known ill effects or discomfort are
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unlikely to be experienced by any industrial worker ex-
cept hypersusceptible individuals. Until recently these
have been ceiling values, not averages, and all fluctua-
tions should be below the stated AC value. No provision
is made or consideration given to multiple exposures or
simultaneous exposure to two or more contaminants.
The term acceptable concentration does not refer to a
single level for .1l exposure situations. It is related to
the duration and pattern of exposure and the relationship
varies between substances. The standards are designed
to avoid:

a. Undesirable changes in body structures or
biochemistry.

b. Undesirable functional reactions that have
no discernible effects on health,

c. Irritation or other adverse sensory effects.

The standards are intended to be used by profession-
ally competent personnel as guides to good industrial
hygiene practices. The AC's are not intended to have
any legal status nor are they intended to be applied to
community air pollution problems. The Z-37 Commit-
tee of USASI prepares the standards separately for each
compound and they are periodically reviewed, re-af-
firmed or revised. Users of these standards should ob-
tain the most recent edition from the institute at 10 East
40th Street, New York, N. Y., 10016.

In recent years the Z-37 Committee has given con-
sideration to the need for several boundaries for accept-
able exposure condiuons within the conventional eight
hour work day. They now recommend acceptable con-
centrations for:

a. Ceiling concentrations for normal fluctuations
during the day.

b. A time weighted average for an eight hour day.

c. Acceptable peak exposures for limited duration
and frequency beyond the eight hour ceiling.

Details of these considerations were discussed by
Dr. D.D. Irish in the open literature. (See References
2 and 3.)

1-4.3 SHORT TERM EXPOSURE LIMITS. The sev-
eral sources of recommendations for limits on atmos-
pheric concentrations also approach the problem of
planning for emergency procedures in the event of an
accidental spill or other incident involving propellants.

1-4.3.1 Emergency Exposure Limits (EEL's—AIHA).
The American Industrial Hygiene Association (AIHA)
publishes guides which review the available toxicity
data and present limits for short term exposures of 5,
15, 30, and 60 minutes. These limits are intended for
use by experts who can exercise judgment in applying
them to a given situation. A single accidental exposure
is assumed and the levels are such that reversible toxic
effects and discomfort short of actual incapacitation may
well occur. Since no margin of safety is used, these
levels should not be mathematically extrapolated to
other time limits. These EEL's are not intended as
guides for day to day occupational health programs but

|

;
g
Co
¥
X
3

1
"t

e ot s, e e b e




are meant to be used by management in advance planning
for emergencies. It should be emphasized that practical
use of the EEL's depends upon detection instrumentation
that provides unambiguous information about the absolute
level of airborne contaminant at the point of contact with
the worker. The EEL must be a calibration point for the
detection equipment and the behavior of the instrumenta-
tion and the performance under actual operating conditions
must be known and demonstrated at concentration levels
in a span of values which also includes the previously
described threshold limit value. The facility supervisor
maintains a data record of periodic calibrationtests, (Ref.4)

1-4.3.2 Emergency Exposure Limits (NAS/NRC). The
National Research Council's Committee on Toxicology
has recommended Emergency Exposure Limits (EEL)
(formerly designated Emergency Tolerance Limits) for
use by military and space agencies. Thesé are intended
to be used for the establishment of safe operating proce-
dures. They are to be applied to possible accidental
situations which are expected to be rare, single events
in the lifetime of an individual. Allowance is made for
the increased ventilatory rates of exposed persons but
no safety factor is incorporated. The definitions and
assumptions are otherwise quite similar to those of the
EEL's by AIHA, Likewise, these EEL's are not to be
extrapolated to any other exposure times. (NAS/NRC
uses only 10, 30, and 60 minute intervals—uno five min-
ute interval is recommended.) A detailed discussion of
the development of the limits is presented in the Com-
mittee's publication. (Reference 5)

1-4.3.3 Maximum Concentrations {(Pennsylvania). The
Pennsylvania Department of Health under Legislative
Article 432 issues "Regulations of Establishing Thresh-
old Limits in Places of Employment”. (Reference 6)
These regulations include a listing of maximum concen-
trations to which industrial employees may be exposed
for stated periods of time and at stated minimum inter-
vals,

1-4.3.4 Emergency Exposure Limits (USAS]). The
United States of America Standards Institute has recent-
ly adopted the practice of recommending standards for
acceptable repeated exposures. For some materials
the standards also suggest emergency exposure limits
for a single event that will permit recovery or escape
without permanent injury. These values, if needed,
should be obtained by reference to the most recent spe-
cific standard. (Reference 7)

1-4.4 APPLICATION OF THE LIMIT VALUES. With
the possible exception of the USASI Standards, all of the
TLV's and EEL's are to be applied to a selected popula-
tion of healthy adults, screened for any hypersensitivity
to specific antagonistic agents and subjected to periodic
medical examinations. The worker's past history is
known to the examining physician and the frequency of
exposure as well as the work operation is under the su-
pervision of trained personnel so that even those aspects
of the environment can be reviewed and controlled. It
cannot be overemphasized that these limits and values
are only used in planning operations for use with the
population described. No application to the general
public is intended nor is it desirable.

1-4.4.1 Limitation of Applicability. Predictable expo-
sures of workers shall be maintained within or below the
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level specified by the threshold limit values and below
those ceiling (C) values specified for certain airborne
contaminants. Ventilation, detection instrumentation
and personal protection equipment and respiratory de-
vices shall be prescribed by trained supervisory per-
sonnel in the form of written operational procedures.
In order to obtain the desired control over exposures
that will occur it should be obvious that the predictable
exposures are very much a function of the site or facil-
ity under consideration.

1-4,4.2 Applications. The Emergency Exposure Limits
are of prime concern to those responsible for planning
emergency procedures in the event of an accidental spill
or release of propellants. In particular, the AIHA and
NAS/NRC recommendations are applicable. The con-
cepts of the two sets of limits are essentially identical,
as are their assumptions and limitations. With one ex-
ception their recommendations are the same. This is
not surprising since several of the experts are members
of both committees. Both sets of values are chosen
without any safety factor for individual variability or
response and both anticipate that an exposure will be ob-
jectionable to the senses and may cause definite effects
but it is believed that such exposure will not incapaci-
tate a man either mentally or physically from perform-
ing an essential task.

1-4.4.3 Scope of EEL Values. Since the NAS/NRC
EEL values are specifically developed as private advice
to Federal Departments and Agencies including those
concerned with rocket propellants, these values are pri-
marily cited in specific chapters of this work, (the indi-
vidual propellant chapters in Volume I and the Ingre-
dients Section (3-2) in Volume II). The Committee on
Toxicology stresses that these levels are not to be used
for predictable exposures of employees, nor for any ap-
plication to the general public. EEL's must not be con-
fused with a ceiling (C) value or with 2 maximum allow-
able concentration (MAC) which is an older and less
favored designation for airborne contaminant ceiling
values. A recommended EEL, in short, implies no
approval for exposing subjects to that level of airborne
{or skin contact if it is called out as a specific hazard)
contamination. On the contrary, it implies that man-
agement bring every resource available to bear upon
particular situations such that, by limiting exposure and
quantity of material present, by precalculation of dif-
fusion and with advance knowledge of atmospheric con-
ditions, it is possible to protect the individuals under its
supervision from any health compromising situations.

1-4.5 AIR POLLUTION CONTROL (NAPCA). Ac-
cording to a statement {from the National Air Pollution
Control Administration (NAPCA), users of this manmual
are forewarned that Emergency Exposure Limits or
Threshold Limit Values of air pollution toxic substances
discussed in this manual are not suitable for application
as standards for evaluation or control of community air
pollution. It must be assumed that any community lo-
cated outside the control boundaries of 2 manufacturing
or test site (or any other facility wherein propeliant
operations take place) is inhabited by some persons of
unusually high sensitivity to toxic chemical exposure
(e.g., babies, pregnant women, and aged or sick per-
sons). Special precautions must therefore be exercised
to assure compliance with all federal, state, or local
Air Pollution Control Regulations governing a given
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location. This is the purpose and policy of the Air Qual-
ity Act, as amended (U. S. C. 1857) and of Executive
Order 11282, May 26, 1966.

1-4.5.1 Air Quality Control Regions, During 1970
some 57 regions were designated in order to bring all
the states within the operating machinery of the Air
Quality Act. The regions are named and delineated ac-
cording to their common area air pollution problems and
all states, the District of Columbia, Puerto Rico and the
Virgin Islands will be involved with one or more air
quality control regions. Local and state entities are
responsible for establishing their regional standards
with the cooperation of the industries involved. Federal
participation in the discussions with local entities and
industrial participants is based upon the government
agency's authority under the Air Quality Act to decide
what pollutants will be controlled and whether the local/
state standards are adequate. Local and regional
NAPCA office contacts may be made through the local
air pollution control district headquarters. As the ma-
chinery for a national clean environment becomes more
fully implemented, it can be expected that the offices
will be well publicized.

1-4.5.2 Air Pollution Alert System. Local and state
entities, particularly a local air pollution control center,
should be notified upon accidental or imminent uncon-
trollable release of toxic airborne contaminants. The
state police radio net is another possible means of alert-
ing the authorities. It is recommended that departments
and agencies work closely with local and state authori-
ties in working out emergency plans and by keeping such
authorities briefed on anticipated operations.

1-4.5.3 Emergency Action Plan, After notifying or
alerting Iocal authorities the offending facility can then
offer its assistance in establishing exclusion perimeters
and evacuating persons in the path of released contami-
nants. Available data for establishing the extent of the
hazard should include:

a. The exact nature/behavior and quantity of the
pollutant.

b. Meteorological data and concentration/source/
intensity/dilution rates based upon those data,

¢. Detailed diffusion predictions if available from
a well-studied area behavior pattern based upon
meteorological observations.

d. Within-the-fence readings from specific toxic
agent detectors to establish the all clear time.

e, Recommendations for safety clothing, mask-
types and respirators for rescue teams.

According to specific operational practices developed
for each facility, it is anticipated that at least one res-
cue team or buddy will be fully equipped and nearby at a
safe distance during actual tests for rescue operation
depending on the extent and nature of the hazard in-
volved. As suggested in other portions of this docu-
ment, for certain toxic propellants and ingredients,
specific safety equipment will be placed in designated
places of storage for ready safekeeping and in non-
contaminated areas. The location of these items and
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the names of personnel competent in their use should be
well publicized among the alert personnel, safety staff
and individuals responsible for off-site coordination
with local authorities, When and if the facility is called
upon for assistance (rescue personnel), the staff can be
ready to respond with effectiveness and punctuality.
Planning for handling an emergency involves the opera-
tor answering the facility telephone, the first line super-
visor of the test operation with specific but limited mm-
bers of toxic contaminants, the local fire department,
the medical staff, the safety officer, the state police
radio net operator, the meteorological support service
and the research or facility director. The making and
development of plans for emergencies does not have to
result in hysteria and bad press notices if time is avail-
able to fully develop the local response and support. An
emergency without a plan is almost sure to produce poor
public relations as well as raise the specter of negli-
gence in our liability to the public.

1-4,6 WATER POLLUTION CONTROL (FWPCA).
Insofar as the obligation of rocket propulsion test and
launch facilities to maintain water quality is analagous
to an industrial plant, coupled with the fact that most if
not all such work is done with federal government par-
ticipation, both the Federal Water Pollution Control Act,
as amended, (33 U. S. C. 466 et seq) and Executive
Order 11288 may apply.

1-4.6.1 Federal Water Pollution Control Act. As
amended, Section I0{a} and (b) quoted below state users
of interstate or navigable waters have requirements to
reduce or abate water pollution.

a. "Pollution of interstate or navigable waters in or
adjacent to any State or States (whether the mat-
ter causing or contributing to such pollution is
discharged directly into such waters or reaches
such waters after discharge into a tributary of
such waters), which endangers the health or
welfare of any persons, shall be subject to
abatement as provided in this Act.”

b, "'Consistent with the policy declaration of this
Act, state and interstate action to abate pollu-
tion of interstate navigable waters shall be
encouraged and shall not, except as otherwise
provided by or pursuant to court order under
subsection (h), be displaced by Federal En-
forcement action. "

1-4.6.2. Executive Order 11288, As stated in Sections
1(3); 4(c); and 4(d) of the Order—"Prevention, Control
and Abatement of Water Pollution by Frderal Activi-
ties' — Federally operated facilities hai e additional re-
quirements placed upon them with regard to water pol-
lution:

a. Section 1(3) ""Pollution caused by all other
operations of the Federal Government, such
as water resources projects and other opera-
tions under Federal loans, grants or contracts,
shall be reduced to the lowest level practicable.”

b. Section 4(c) 'Storage facilities for materials
which are hazardous to health and welfare, and
for oils, gases, fuels or other materials capable
of causing water pollution, if accidentally dis-




charged, shall be located so as to minimize or
prevent any spillage which might result in water
pollution. Engineering measures to entrap spil-
lage, such as catchment areas, relief vessels,
or entrapment dikes shall be installed so as to
prevent accidental pollution of water."

c. Section 4(d) ""No waste shall be discharged into
waters if it contains any substance in concentra-
tions which are hazardous to health. "

1-4.6.3 Federal Water Pollution Control Regional
Oifices. The Federal Water Pollution Control Agency
has established rudimentary pollution emergency cen-
ters in each of nine regions (encompassing all 50 states,
District of Columbia, Guam, Puerto Rico, and the Vir-
gin Islands) to determine the proper course of remedial
action by the Federal government. These regional of-
fices, in cooperation with other federal, state, local,
and private entities, are available to provide direction
and coordination for control and clean up activities.
Figure 1-1 presents the regional boundaries and shows
the location of FWPCA offices and laboratories.

1-4.6.4 Water Pollution Alert System. The emergency
centers described in section 1-4. 6.3 should be notified
of the occurrence of any spill of propellants which can
become a cause or contribution to water pollution. The
Regional Office (pollution emergency center) address
and other details are given in Figure 1-2. An effective
nationwide system for pollution alerting is possible if
safety engineers, facility directors and common car-
riers will take the time to set up their network of com-
munication and cooperation before a spill occurs. The
data in Figure 1-2 is of no real value—and is certainly
not permanent as to the office addresses—unless every-
one associated with a posgsible source of water pollution
knows how to make contact with the various local fire
departments, and the State police. Then the resources
of the regional centers may be brought to bear on an
emergency situation. As in the case of air pollution
control, close cooperation with local and State authori-
ties is recommended. (See Section 1-4.5.2.)

1-4.6.5 Emergency Action Plan. It is the obligatjon of
the user/carrier of potentially dangerous chemicals to
have a contingency plan for coping with water pollution
emergencies. Aside from knowing who to call for help
it is imperative that the plan include the following funda-
mental steps:

a. Containment of spilled materials, if possible,
through the use of catchment areas, dikes and
lined pits to keep contaminants out of surface
and ground waters until such time as it can be
removed.

b. Employing suitable methods of inerting, reacting
or diluting the contaminants to below the danger
level if containment is not possible.

c. Alerting those persons who may be endangered
subsequent to the emergency.

d. Notifying local and State officials, the State
police net and the nearest Federal Pollution
Emergency Center if the accident occurs while
the materials are in transit by a carrier or user.

INTRODUCTION

1-4.7 RADIATION PROTECTION. Certain inspection
and test operations with rocket motors, cases, engines
and components of launch vehicles require the use of
X-ray and radio-nuclide sources with various levels of
radiation emanating from the equipment. These sources
should be identified and marked together with any re-
quired exclusion areas and perimeters. It is the obli-
gation of the facility management to insure that no per-
son is exposed to more than the maximum permissible
dose equivalent for the work periods involved and that
contro} of areas is maintained so that no one is exposed
unknowingly, Operations with high-level radio-active
sources, such as Cobalt-60, require protection and se-
curity as specified in the operating requirements and
statements within the license. These procedures are
beyond the scope of this guideline. (Reference 8)

1-4.7.1 Equipment Shielding to Reduce Exposure.
X-ray equipment for industrial use may be of mobile or
fixed type. Use of mobile equipment in field operations
may entail use of equipment without the inherent degree
of protection offered by a permanent enclosure. The
use of portable shielding may be employed to reduce ex-
posure. Prior to actual radiographic exposure, the
barriers should be surveyed with a rate-reading, ioni-
zation~-chamber type of instrument. A fixed, shielded,
radiographic facility usually consists of concrete and/or
lead barriers of sufficient thickness to limit exposure
levels at one foot from the outside surface of the enclo-
sure, to 10mR in any one hour in an accessible and oc-
cupied region, and to 100mR or less in an accessible
and normally unoccupied region. The effectiveness of
both portable and fixed barriers should be tested in the
case of multiple exposures if beam direction, voltage,
amperage or attenuating materials are significantly
altered. The fixed facility with omni-directional shield-
ing designed for the maximum power of the equipment
will obviously require fewer surveys, but even these
should be checked routinely., No condition is permanent
in an R and D test facility and lead shielding, despite its

unwieldy nature, has been known to be relocated.

1-4,7.2 Operations to Reduce Exposure. The source
and all objects exposed thereto should be contained with-
in a conspicuously posted perimeter that delineates the
area in which exposure can reach or exceed 100mR in
any one hour. The perimeter should consist of a rope
barrier and radiation signs which can be seen from any
avenue of approach., For night-time operations, the
area must be adequately illuminated. If exposures re-
quire horizontal or near-horizontal beams, the configu-
ration of the posted perimeter must be adjusted accord-
ingly. Whenever possible, exposures should be made
with the X-ray beam directed perpendicular to the
ground with 1/8-inch lead sheeting underneath the entire
primary beam to reduce scattered radiation. A fixed
facility will be equipped with reliable interlocks, audible
and/or visible warning signals which are activated prior
to and during exposure, and provisions for operating the
control panel from outside the barrier. The operator
should be able to see the entire perimeter of the barrier
in a portable or mobile operation and should reposition
the power cable to the tube end, the control unit, the ob-
ject and the portable shield if he cannot—then he should
re-survey the area prior to actual radiographic expo-
sure. Either fixed or mobile X-ray equipment must not
be left unattended while in operation and must be equip-
ped with a key lock to lock open the power source when

1-§
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not in operation. The equipment shall be operated only
by authorized personnel (radiographer in charge).

1-4.7.3 Monitoring Radiation. Survey instruments vary
considerably in their ability to detect low energy rays
which form a part of the X-ray machines. Scattered and
back-scattered radiation intensities as well as location
in the spectrum may vary as well because a variety of
materials will be incorporated into the components sub-
jected to exposure, Instrumentation required for sur-
veying should be carefully selected and used accordingly.
Rate-reading and ionization-chamber type instruments
are preferred.

1-4.7.3 Personal Dosimeters. Prior to commencing
radiographic operations, the radiographer in charge
should insure that each member of the team has been
issued and is wearing two self-reading pocket dosime-
ters and a film badge while present in and around the
radiographic area. Recharged dosimeters should be is-
sued at the beginning of each workday, and shall be read
as often as necessary to determine if any excessive ex-
posure to radiation has occurred. The lower reading of
the two dosimeters is assumed to be the exposure, If
both dosimeters read off-scale, an emergency situation
shall be considered to exist, and the individual's film
badge shall be submitted immediately for processing.

1-4.7.3.2 Film Badge Dosimeters. A film badge shall
be issued on a monthly basis to each person on the team
working in and around the radiographic area. Each
badge issued shall be worn by only one individual. Con-
trol badges are not issued to personnel but remain in
the same rack with the badges returned by personnel at
the end of each shift and are then submitted with person-
nel film badges for processing at the month's end. Re-
ports received on processed film badges are reviewed
for any unusual or high exposures, and the resuits are
properly recorded on each individual's radiation expo-
sure record which gshould be maintained (for life) in his
medical records.

1-6 REFERENCES

I . -

1-5 HAZARDOUS GAS DETECTION EQUIPMENT

1-5.1 INTRODUCTION. The continuous search for
higher performance rockets has resulted in an increased
usage of toxic and/or explosive oxidizers and fuels. In
order to ascertain safe operation and to prevent damage
to personnel or property which might result from leak-
age of faulty equipment or from exhaust gases, detection
equipment is needed which can sense the presence of
hazardous vapors below their allowable flammable, ex-
plosive or toxic levels. The desired equipment should
be simple, sensitive, reliable, rugged, and have ade-
quate range. It also would be highly desirable that it be
specific for the vapor to be detected. In the field of au-
tomatic detection devices, considerable research and
instrumentation development is presently in progress.
A variety of different techniques have been developed
that are applicable to the detection of oxidizers such as
fluorine, halogen fluorides, oxides of nitrogen, hydra-
zines, hydrofluoric acid, and hydrochloric acid. (See
Section 5-7, Hazard Monitoring (Detection of Leaks and
Gaseous Effluent) of this volume (I) and Appendix D of
Volume III for a discussion of operating principles and
other details.)

1-5.2 DISCUSSION. All the detection methods investi-
gated depend upon the drawing of the sample gas into the
analyzing cell. This principle requires the establish-
ment of many sample points especially if a large con-
taminated area is to be covered, Another major draw-
back of most of the presently available instruments is
their inability to discriminate among various propel-
lants or exhaust products. The possible exception is the
radiochemical exchange method which would be specific
for a limited number of propellants. It is concluded that
any detection method that would indicate a specific sig-
nature for any gas specie to be analyzed and at the same
time eliminate the drawing of individual samples over a
wide area would be extremely important advancement of
the state of the art. It would also greatly facilitate safe-
ty in operations which involve potentially hazardous pro-
pellants.

1. "Threshold Limit Values of Air-borne Contaminants Adopted By ACGIH for 1969, " American Conference
of Government Industrial Hygienists, 1014 Broadway, Cincinnati, Ohio 45202 ($0, 50 per copy).

2. Irish, D. D., Archives of Environmental Health, 10:546-549 (1965).

3. Irish, D. D., The Magazine of Standards, 2:47-49 (Feb. 1967).

4. "Emergency Exposure Limits,” American Industrial Hygiene Association Journal, 25:578-579 (1964).

5. ''Basis for Establishing Emergency Inhalation Exposure Limits Applicable to Military and Space
Chemicals, " Committee on Toxicology, National Academy of Sciences, Washington, D. C. 20418 (1964).

6. '"Regulations Establishing Threshold Limits in Places of Employment, ' Pennsylvania Department of
Health, Division of Occupational Health, P. O. Box 90, Harrisburg, Pennsylvania 17120.

7. "Emergency Exposure Limits, "' The United States of America Standards Institute (USASI), Z-37
Committee Standards, 10 East 40th Street, New York, N, Y. 10016 (latest edition).

8. "Safety Standard for non-Medical X-ray and Sealed Gamma-ray Sources, "' ASA Sectional Committee
Z-54 sponsored by the National Bureau of Standards, (ASA designation Z-54.1 - 1963, UDC 614. 898:537. 531)
available from Superintendent of Documents, USGPO, Washington, D. C. 20402 (Publication Number

C13.11:93 $0. 30).

1-8

P
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CHAPTER 2

EXPLOSION EFFECTS 4ND DAMAGE

2-1 INTRODUCTION

In this chapter, some of the blast gifiracteristics of
explosions are considered. Consideration is limited to
those characteristics and effects which are particularly
pertinent and have a direct bearing on damage to a wide
variety of targets, to the targets buildings, vehicles,
personnel, or other. Information is not presented for
close-in, extremely high-pressure conditions and "hard"
targets. Rather, data are given on airblast in lower
pressure regions and farther distance ranges which span
a broad spectrum of damage to the selected targets—
from no damage through slight and moderate damage to
complete destruction., Because the definition of damage
level may be somewhat subjective and may vary in detail
from target type to target type, most-of the material
given is in terms of basic physical parameters of the

shock wave, e.g., peak pressure, po§{§ye duration, dy- .

namic pressure, and impulse. This type of presentation
should provide flexibility to the user in applying the data
to new and herein unconsidered situations.

The blast characteristics of explosions are deter-
mined by many factors, and vary as a function of these
factors. The type of explosive, the medium of burst,
i.e., underground, on the surface, or at altitude, the
medium of propagation, and even atmospheric conditions
influence airblast. These elements of the problem are
all considered in some depth in the succeeding sections
of this chapter.

Although this volume is intended to consider the haz-
ards and effects of rocket propellant accidents and ex-
plosions, most of the information in this chapter is given
in terms of explosions of solid high explosives (HE),
This approach is used for two reasons: one, there is a
dearth of explosions effects information on propellant
explosions, and two, HE data when properly applied
can serve as a basis for predicting rocket propellant
(or any other explosive) explosion effects. However,
as discussed later herein, considerable care must be
applied in using data comptiled from condensed High
Explosives to low "energy density or distribution
explosives.

Airblast interactions with targets and target response,
i.e., damage, are also discussed. There is such a
large number of target types and so much variation in
important structural details within any target type that
only a generalized approach is presented, mainly in the
form of tables and graphs, in Section 2-7. In addition,
the information presented in Section 2-7 discusses the
basic approach to blast-target interaction and indicates
the use of the phenomenological blast data given in other
sections of this chapter. This should provide a guide to
detailed analysis of target vulnerability and response for
any specific target/explosion situation.

Because man is a particularly important possible tar-
get, a rather detailed section deals with the hazards to
personnel from blasts and fragments.

Fragmentation of cased charges and fragments re-
sulting from target material are briefly considered.
Here, more than in the other areas covered, there is a
scarcity of information. As new information is develop-
ed, it will be incorporated into appropriate handbooks
and data sheets or revisions.

In summary, the chapter presents information on
blast characteristics as they are influenced by explosive
type and veight, geometry of burst, and medium of
propagation. It considers the blast parameters as load-
ing functions—inputs—to targets of various types so that
the response of these targets may be determined either
in a gross fashion or in considerable detail. A brief
discussion is presented regarding the general rationale
applied in application of data contained herein, typically
anomalous situations which may arise in application of
this material, and special problem areas and represent-
ative approaches to their solution. Although the basic
data and the techniques used to extend the applicability
of the data are believed to be the latest available, con-
siderable research effort is continuing in the field
throughout the country. Updating and extension of the
data and techniques will undoubtedly occur and the con-
duct of special tests and studies to improve these cri-
teria should be included.

2-2 CHARACTERISTICS OF EXPLOSIVES AND
EXPLOSIONS

An explosion can be defined as the very rapid release
of a very large amount of energy in a very small space.
Usually the explosion process is accompanied by the
generation of a large volume of gas at high tempera-
tures. The more rapid the release and the greater the
available energy, the more violent is the explosion,
Some chemical compositions, e.g., TNT, are designed
to explode or detonate; others, e.g., propellants, are
designed to release energy over longer periods of time.
However, under certain conditions, usually unexpected
and controlled, propellants may release their energy at
a faster rate than normal, that is, they may detonate
(explode). In similar unexpected manner, high explo-
sives may not explode "high order' with their full vio-
lence; they may explode '"low order, " deflagrate (burn
rapidly), or simply burn at a slow rate.

In this chapter, we are dealing with the mechanical
effects of the explosions where only the high order deto-
nation of HE is considered; and for propellants, the
most violent chemical reactions leading to detonation or
deflagration are considered.

When the explosion occurs most of the available
energy in the explosive is converted into some form of
mechanical energy. This energy manifests itself in air-
blast, fragmentation of structural materia: around the
explosive charge, and cratering if the charge is in, on,
or near to the earth's surface. These explosion effects
are the damage mechanisms of concern. The remaining

2-1
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portion of the explosive energy remains in thermal form
and is of concern because of its fire potential.

2-3 TNT EQUIVALENT WEIGHTS

In a general discussion of the effects of explosions,
it is often useful to relate the effects of a particular ex-
plosive such as TNT. Then, only a single set of data,
that for TNT, need be presented to descrile the effects
of any other specified explosive. This approach is used
in this chapter: most data presented are for TNT and
tables of equivalent weights relate TNT to other explo-
sives. Considerable caution should be used in the ap-
plication of so called "TNT equivalencies, " to propel-
lants as discussed later herein.

2-3.1 EQUIVALENT WEIGHT DEFINITION. The
free-air equivalent weight (EW) of a particular explosive
is the weight of a standard explosive, e.g., TNT re-
quired to produce a selected shock wave parameter of
equal magnitude to that produced by a unit weight of the
explosive in question. For valid comparisons the test
and standard explosives should have the same geometry
or consideration should be given to the effect of geom-
etry on the comparison being made. A given explosive
may have several equivalent weights, depending on the
shock wave parameter selected, i.e., it has an equiv-
alent weight based on peak overpressure, another based
on positive impulse. Table 2-1 defines the abbrevia-
tions used in this section.

Table 2-1
Liquid Propellant Nomenclature
JAcronym Propellant
LHy Liquid Hydrogen
LOy Liquid Oxygen (LOX)
N2H4 Hydrazine
IRFNA Inhibited Red Fuming Nitric Acid (FNA)
JP-4 Hydrocarbon Fuel - Jet
UDMH Unsymmetrical Dimethyl Hydrazine
RP-1 Hydrocarbon Fuel - Rocket
Ha02 Hydrogen Peroxide (HP)
N2O4 Nitrogen Tetroxide (N3O4=+NO5 equil.)
TNM Tetranitromethane
2-3.2 LIMITATION OF THE EQUIVALENT WEIGHT

CONCEPT. Strictly speaking, the equivalent weight of
an explosive for any given blast parameter varies as a
function of the distance from the charge, i.e., the
pressure-distance curve for explosive X is not neces-
sarily parallel to that of TNT. For many purposes it

is sufficient to cite a single EW number—the average of
EW's over some range of pressure. This approach is
used here for solid explosives (including propellants);
the equivalent weights are the averages obtained over a
pressure range from 2 to 50 pounds per square inch (pst).

2-2

The single number approach is used also for liquid

propellant-TNT equivalence. However, it is important
to note that this approach is used primarily because of
the scarcity of availaole data. There are indications on
the basis of theoretical work and some few test results
that at distances at which the pressure levels over ap-
proximately 15 psi, and LO2-LH3 explosion, for in-
stance, has a TNT equivalence in terms of peak pres-
sure of about 0.07, from 15 psi to 0.1 psi an equivalence

of about 1, and below 0.1 psi it is about 2.0 (reference 1).

Interpreting these numbers means that at the 15 psi
and above region it takes about14. 3 lbs of LO2-LHy

to generate the same pressure distance relation as does
1ib of TNT, about 1 1b of LO2-~LHjg to give the same
pressure-distance curve between 15 psi and 0.1 psi as
does TNT, and only 1/2 b of LOg-LHj3 to give similar
results as 11b of TNT at pressure levels less than 0.1
psi. These equivalent weight numbers indicate also
that maximum pressures as high as TNT ar: not devel-
oped by LO2-LHg explosions and that the LO2-LHg
chemical reaction is of long duration relative to the
TNT explosion. Unless window breakage is of primary
importance, the equivalent weights given in Table 2-2
can be used as a conservative representation of propel-
lant equivalence to TNT. Since the test results on
which Table 2-2 are based have indicated wide ranges
of "TNT equivalency" for liquid propellants, depending
more on their degree of mixing, and rapidity of mixing
prior to initiation, than on their composition, great
care should be used in across the board application of
TNT equivalencies to the various liquid propellant sys-
tems. (See also Appendix E, Vol. III, this work.)

It should be noted that for most purposes of damage
predictions or assessment, small variations in EW are
not significant. As indicated in later sections, the dis-
tances, at which any given magnitude of most blast
parameters of interest occur, vary as the cube root of
the weight of the explosive, e.g., an explosive with an
EW (for pressure) equal to 1.2 produces any given pres-
sure at a distance only 6 percent larger than the stand-
ard TNT. Because the accuracy of measurement of
pressure, duration, and so forth is seldom better than
6 percent, and the variability of propellant output in an
accident situation can be expected to vary considerably,
small variation in EW should be of little concern. For
siting and planning purposes, it is suggested that for
most cases the maximum EW be used for propellants,

Table 2-3 gives the equivalent weights for solid ex-
plosives using peak pressure and impulse as basis for
comparison.

2-4 AIRBLAST

2-4.1 AIRBLAST CHARACTERISTICS. One of the
major energy outputs of an explosion taking place in the
air (or under the surface at small depths of burst) is the
airblast. The explosion initiaily creates a relatively
compact volume of high energy gases. The outward ex-
pansion of these gases creates a severe, high magnitude
(shock) pressure wave which travels initially at super-
sonic speeds. The front of the shock wave, under ideal
"free air'' conditions, forms a sphere with its center at
the site of the explosion. Immediately behind the front
is a region of high velocity, high temperature air flow.
At the shock front, the pressure, temperature, and

"
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Table 2-2
Liquid Propellant Explosive Equivalent

Other Than
Propellant Combination Range Launch Pads Range Launch Pads
102/ LH, 60% 60%
_ _ (60% for LOg/LHy) (60% for LOg/LHg)
LO,/LH, - 1O,/RP-1 Sum of (1 0% for LOg/RP-1) Sum of (50% for LO3/RP-1)
wz/RP-l or I.Dz/NI-I3 10% 20% up to 500, 000 lbs plus
10% over 500, 000 lbs
IRFNA/Aniline* 10% 10%
IRFNA/UDMH* 10% 10%
IRFNA/UDMH - JP-4* 10% 10%
- *
N204/UDMH N2H4 5% 10%
NZO 4/ UDMH - NZH 4 Solid* 5% plus the explosive equiva- 10% plus the explosive equiva-
lent of the solid propellant lent of the solid propellant
Tetranitromethane (alone
or in combination) 100% 100%
Nitromethane (alone or
in combination) 100% 100%

*These are hypergolic combinations.

Basis: Recommendations of the ASESB Work Group. Tetranitromethane and nitromethane are known
to be detonable. (Reference 2)

NOTES:

1. The percentage factors to be used to determine the explosive equivalencies of propellant mixtures
at launch pads and static test stands when such propellants are unconfined except for their tankage.
Any configurations other than stated above should be considered on an individual basis to determine
the equivalencies.

The equivalencies of any non-nuclear explosives will be added to the above equivalencies.
See Table 2-1 for nomenclature definitions of propellant combinations.
4. Data given herein is undergoing review as of the date of publication. Refer to DoD Manual 4145.2TM

and current revisions or annexes for latest information. An expanded version of this table is also
presented in Volume I, " Liquid Propellant Handling, Storage, and Transportation,' Appendix E.

e
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: Table 2-3
f Equivalent Weights for Free Air l‘lfn—:cts1
Peak Pressure Impulse Comp::ition
Matex‘ial2 (PM)TNT mTN’r Formula
: TNT 1.00 1.00 C,HN;Og
Explosive D 0.85 0.81 c6H6N4O7
Cyclotol 70/30 1.14 1.09 RDX/TNT, 70/30
{ RDX/5 Wax 1.19 1.16 RDX/Wax, 95/5
1 Comp B 1.13 1.06 RDX/TNT/Wax. 59.4/39.6/1.0
{ Comp A-3 1.09 1.07 RDX/Wax, 91/9
Picratol 0.90 0.93 Explosive D/TNT, 52/48
Minol II 1.24 1.22 NH NO, /TNT/A] 40/40/20
Tritonal 80/20 1.07 1.11 TNT/Al, 80/20
4 HBX-1 1.21 1.21 RDX/TNT/Al/Wax, 40/38/17/5
Torpex I 1.23 1.28 RDX/TNT/Al, 42/40/18
. H-6 1.27 1.38 RDX/TNT/Al/Wax, 45. 1/29.2,
21.0/4.17
Pentolite 1.17 1.15 PETN/TNT, 50/50
HBX-3 1.16 1.25 RDX/TNT/A)l/Wax, 31/29/35/5
TNETB 1.13 0.96 C6H NG 14
Comp B/TiH,, 70/30 1.13 1.13

RDX/TNT/ T1H2, 42/28/30

1pata are obtained in 2-30 psi range for shock overpressure and converted to EW

(see Reference 3).

ZTo calculate equivalent weights not on this table, see Chemical Reviews, Vol. 59, No. 5,

801-825, October 1959.

Table 2-4
Specific Gravity for Soils

Specific
Soil Type Gravity
Dry Clay! 1.85
Moist Clay 2.66
Wet Sand 2.64
Alluvium 1.6
Tuff 1.85
Playa 1.6
Rhyolite 2.4
Basalt 2.6

1

The specific gravity of dry clay
may vary between 1.1 and 2.1.
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density rise very suddenly to values much greater than
the ambient atmosphere and then decay to values lower
than ambient conditions, and the air flow will then re-
verse its direction, Eventually, the pressure density
and temperature will return to ambient conditions. See
Figure 2-1 for a qualitative description of the above
chain of events., This figure also indicates many of the
shock wave parameters of particular interest to hazard
problems,

2-4.2 GENERAL SCALING LAWS (from reference 4).
The generalized scaling laws and correction factors
that are used to relate blast parameters for different
explosion yields and burst geometries are briefly dis-
cussed. The reader may apply this information to those
conditions which are not included in the more easily
used nomograms and graphs given in the Figures
portion of this section. (The information presented in
this section pertains to blast effects for static, non-
moving at velocities near sonic at time of burst; a
small enhancement in blast effectiveness is realized
ahead of the exploding charge.)

2-4.2.1 Cube Root Scaling. Scaling laws are used to
calculate the characteristic properties of the blast wave
from an explosion of any given energy if those for
another energy are known. With the aid of such laws,
it is possible to present data for a large range of
weights in a simple form.

N Theoretically, a given pressure will occur at a dis-

tance from an explosion that is proportional to the cube-
root of the energy yield. Full-scale tests have shown
this relationship between distance and energy yield to
hold over a wide range of explosive weights (up to and
including a megaton). According to this law, if d) is the
distance (or slant range) from a reference explosion of
W, ibs at which a specified hydrostatic overpressure or
dynamic* pressure is found, then for any explosion of
W lbs, these same pressures will occur at a distance
d given by:

1/3

a/d, = W/wy) (Eq. 2-1)

Cube-root scaling can also be applied to arrival time
of the shockfront, positive-phase duration, and impulse;
the distances concerned also are scaled according to the
cube-root law. The relationships may be expressed in
the form t/t) = d/d w/wpV3and vy = d/q) =
(W/W )1 , where t; represents arrival time or posi-
tive-phase duration and I, is the impulse for the refer-
ence explosion Wj; as before, dj and d are distances
from ground zero. If W is taken as 1 lb, the various
quantities are related ast = t1 x w1/3 4t a distance
d=dy 1'(W1/3a.r.dl=llxwl 3 at a distance d =
dq x W1/3,

2-4.2.2 Altitude Corrections. Two conditions are con-
sidered: one for bursts at various heights above the
surface where the point of observation or interest is

*Dynamic pressure g = 1. 2 pvz, where p is air
density and v is particle velocity.
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on the earth's surface, and two, for bursts at such high
altitudes that the atmospheric density variations affect
the blast amplitude at co-altitude points of observation.

a. When comparing the blast parameters along the
surface from explosions of W 1bs at different
heights of burst (HOB) in ft, it is necessary to
introdug; a scaling factor, A, with units of
£t/ (Yos)1/3,

Scaled HOB = Ay, = (Actual HOB)/W1/3
(Eq. 2-2)
b. For bursts above sea level altitudes, it is re-
quired to adjust the blast parameters to account
for atmospheric density (pressure) decreases.
The general relationships of blast parameters
as functions of ambient atmospheric pressure
are given by what is called Sachs scaling. For
shock pressure, the relationship is:
AP, = Py, (P/Pg) (Eq. 2-3)
where 4P, is the blast overpressure at altitude
(z) andAl}o is that at sea level, and P and Py, are
atmospheric pressures at altitude and sea level,
respectively. The corrected value of distance
for the new overpressure level is then given by

o - ag WY/ (B, /P)V/3,

and for arrival time or positive-phase duration at
this new distance by

t, = to WI/3 (B/P)1/3 (T/T)1/2,

where T and T, are the temperatures at altitude
and sea level, respectively.

For impulse at altitude, I,, the appropriate rela-
tionship is

I = LWY3 (p/p)?/3 1,/ D)V 2.

Note: The above expressions are applicable when the
altitude at the observation point (target does not differ
by more than a few thousand feet from that at burst
point. If the altitudes do differ considerably, the situ-
ation is more complicated (see reference 4). If the
altitude of burst is greater than 100,000 ft or 20 miles,
these scaling laws are no longer applicable (see
reference 4).

2-4.2,3 Spherical Versus Cylindrical Charges. Spher-
ical charges were used to develop a preponderance of
existing airblast data. These data may be applied to
cylindrical charge explosions, e.g., rocket motors,
through the use of a shape correction factor. Figure
2-2 gives this experimentally derived factor (reference
5) in terms of peak pressure ratios for cylindrical
charges versus spherical charges as a function of
scaled distance (distance divided by the cube-root of
the explosive weight).

The charges represented by the band on the figure
ranged from 2/1 to 10/1 in length/diameter (L/D) ratio.
Note that for large scaled distances, the ratio equals
one, i.e., a cylinder produces the same overpressure
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as a sphere of equal weight. The figure is based on
pressures measured in a2 plane normal to the longitudi-
nal axis of the cylindrical charges. At other angles,

the pressure ratio is generally less, and in Ssome cases,
is less than one. The interpretation of the data is com-
plex, and it is recommended that Figure 2-1 be used for
all angles; the pressures in some directions will be
overestimated by this procedure and therefore, will be
conservative for designing or siting blast-resistant
structures, Figures 2-1 through 2-26 follow page 2-9.

Little data exists for positive impulse (the area un-
der the overpressure-time curve at a fixed distance)
from cylindrical charges. It is recommended that the
peak overpressure correction factors given in Figure
2-2 be applied to positive impulse also. The existing
data suggest that this is a conservative procedure.

In summary, then, to determine the blast parameters
of an explosion of a cylindrical charge, the procedure is
as follows:

a. Calculate TNT equivalent of the cylindrical
charge or rocket motor (see Tables 2-1 and 2-3).

b. Using this weight, convert all distances involved
to scaled distances.

c. From appropriate figures given at the end of this
section, find peak overpressures and impulses at
these distances for spherical charges.

d. Find appropriate values of Poy)inder/Psph,
from Figure 2-1. Multiply onerpressur sg\%
impulses by these factors as appropriate.

(The use of the recommended correction factors ne-
glects several phenomena known qualitatively to have an
effect on the blast wave parameters. The confinement
of the explosive (in this case, by the motor wall), the
perturbations in the ground reflection effects from those
observed with spherical charges, and the point at which
detonation is initiated have all been ignored; however,
these are second order effects.)

2-4.3 AIR BURSTS

2-4.3.1 Free-Air Bursts (reference 3). The following
free-air burst curves cover those situations in which the
explosion and the shock wave propagation are in an es-
sentially homogeneous air medium. There are no per-
turbing influences on the shock because of ground re-
flections or other discontinuities. Most of the curves
are in the form of nomograms covering a large range of
charge weights, and the use of each nomogram is illus-
trated by example on each figure. For conditions not
covered by these figures, refer to Section 2-4. 2 for the
generalized approach to scaling.

a. Peak Overpressure: Figures 2-3 and 2-4 give the
peak overpressure at a given distance from a free
airburst of TNT at various altitudes. The figures
show the pressure for 1 gram to 10' 1bs of TNT
from sea level to 100,000 feet.

b. Positive Impulse: Figure 2-5 presents the posi-
tive impulse versus distance and weight of a bare

spherical charge in free air. The yield of the TNT
charge varies from 10~3 to 107 1bs.

c. Positive Duration: The positive duration of
shockwaves in air versus distance and weight of
explosive is given in Figure 2-6. The durations
are scaled for yields varying from 1 to 107 Ibs
of TNT.

d. Peak dynamic pressure versus peak overpres-
sure is presented in Figure 2-7 for bare spher-
ical charges in free air. The nomogram gives
the pressure for altitudes from sea level to
100,000 ft.

e. Free-air overpressure decay as a function of
time is given in Figure 2-8.

f. Figure 2-9 gives the free-air, dynamic-pressure
decay as a function of time.

g. The particle velocity versus peak overpressure
for bare spherical TNT charges in free air is
given in Figure 2-10. By use of the nomograms,
the particle velocity can be found for any burst
altitude from sea level to 100,000 ft and any
temperature from -100°C to +100°C.

h. The shock velocity versus peak overpressure for
bare spherical TNT charges in free air is pre-
sented in Figure 2-11. By use of the nomograms,
the shock velocity may be found for any burst al-
titude (between sea level and 100,000 ft) and
temperature (- 100°C to +100°C).

i. Figures 2-12 and 2-13 give the peak reflected
pressure (instantaneous reflected pressure) as a
function of the peak overpressure for a shockwave
striking a rigid surface at normal incidence. By
using the nomorsrams, the pressure may be found
for any altitude from sea level to 100,000 feet.

2-4.3.2 Height-of-Burst (HOB). The following curves
are for airblast which interacts with the surface. The
curves give the pressure, duration, and impulse of the
shockwave resulting along the ground from charges ex-
ploding at different altitudes above the ground.

a. Peak Overpressure: Figures 2-14, 2-15, and
2-16 give the peak overpressure along the ground
surface as a function of the HOB and horizontal
ground range for TNT charges in a sea-level at-
mosphere. (Explanatory material is contained in
text for Figure 2-14.) Note that on these figures,
bifurcated curves are shown for the relatively low
heights of burst. The bifurcation represents the
differenccc in pressure measured on tests where
small charges have been used as compared to
measurements on large charges. The reasons for
the differences are not known at this time. For
hazard estimates, il is recommended that the
large charge curves by used.

b. Positive-Overpressure Impulse: Figure 2-17
gives the positive-overpressure impulse on the
surface as a function of the HOB and horizontal
ground range.
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c. Positive-Overpressure Duration: Figure 2-18
gives the positive-overpressure durations on the
ground as a function of ground range and HOB for
a 1-kt burst under sea-level conditions.

2-4.4 SURFACE BURSTS. Explosions of HE charges
at the surface of the ground have been categorized into
three groups: (a) spherical charges burst half in, half
out of the surface; (b) spherical charges sitting on the
surface; and (c) hemispherical charges sitting on the
surface. The peak overpressure-distance curves gen-
erated by these types of surface bursts are sufficiently
different to consider them separately.

2-4.4.1 Peak Overpressure. Figure 2-19 gives the
peak overpressure as a function of the horizontal dis-
tance from ground zero for TNT surface bursts (sphere
half buried in the ground) in a sea level (14.7 psi) at-
mosphere. The curve for charges up to 250 pounds is
taken from NOLTR 65-218. The curve for charges of
20 tons and large: is taken from BRL Report No. 1518
At present the reason for the differences between the
two curves is not known; for prediction purposes the
curve most appropriate to the situation should be used.
An average value may be used for yields around 10 tons.
For explosives other than TNT, determine their TNT
equivalence from Tables 2-1 and 2-3.

The peak overpressure from a spherical charge sit-
ting on the surface may be obtained from Figures 2- 14,
2-15, and 2-16 by considering the height-of-burst (HOB)
as one charge radius (reference 3).

For hemispherical charges sitting on the surface,
Figure 2-20 may be used to determine the pressure-dis-
tance relationships.

2-4.4.2 Positive Overpressure Impulse. Figure 2-21
gives the positive overpressure impulse as a function of
ground range for a TNT burst in a homogeneous sea
level atmosphere. It represents the area under the pos-
itive phase of the overpressure time curve at or near the
reflecting surface. This curve was scaled from data
contained in reference 6.

2-4.4.3 Positive Overpressure Duration. Figure 2-22
represents positive overpressure durations as a function
of the ground range for a TNT surface burst under sea
level conditions. This curve was scaled from data con-
tained in reference 6.

2-4.5 UNDERWATET. AND UNDERGROUND BURSTS

2-4.5.1 Underwater Bursts. Figur.- 2-23 and 2-24
give airblast pressure along the surface as functions of
depth of burst in the water. Figure 2-23 gives data ob-
tained at airblast measuring stations above the water
surface at a he} ht of Ay = 0.25 (scaled height Ay = ac-
tual height/W1/3), The data for Figure 2-24 were

measured at a height of Ay = 3 {t/ (lb)1 (reference 7).

2-4.5.2 Underground Bursts. Airblast data from un-
derground bursts are rather scarce; those which are
available show wide scatter for ostensibly the same con-
ditions. A good approach to predicting airblast from
underground bursts has been devised and presented in
reference 8. The approach is based on an empirical
analysis of the data available. Figure 2-25 presents the

EXPLOSION EFFECTS AND DAMAGE

method; note that the parameters of interest, e.g.,
yield, soil type, depth of burst, and range, are all com-
bined in an ""adjusted ground range, X' designation.
Table 2-4 gives the densities for various soils.

It should be noted that in the experiments upon which
the curve of Figure 2-25 was based, there was intimate
contact (good tamping) between the charge and the soil.
For a charge in a vertical shaft, (effectively at the bot-
tom of a well or silo) not closely coupled to the soil, it
is expected that directly over the mouth of the shaft,
pressures will be considerably higher than those given
in Figure 2-25, with the pressure field falling off at
horizontal ranges. Little data are available for this ge-
ometry, particularly for pressures outside the shaft.
Explosively driven shocktube data, however, would be
applicable for guidance (reference 9).

2-4.6 HYDROSTATIC PRESSURE FROM EXPLOSIONS
IN ENCLOSED SPACES (References 10 and 11). For a
high explosive detonated in a closed air space, a hydro-
static pressure develops within the space subsequent to
shock wave propagation. This pressure may be found
from the following expression, (derived from the energy
equation of state for gas E = PV (y~1)) which gives ba-
sically the hydrostatic pressure produced by the burning
of a substance in a fixed volume of air without heat loss:

AP, - 4000 hW/V

Where:
h = heat of comuustion (kcal/gm)
w = charge weight, 1b
V = volume of air, ft3
Py = static pressure about ambient, psi

This pressure decays with time as a function of heat
conduction and heat convection variables of the contain-
er. The above relationship applies to bare charges;
static pressures from cased charges will be smaller
than those predicted by the equation because of kinetic
energy acquired by case fragments.

Table 2-5 gives the heat-of-combustion factor for a
number of explosives and Figure 2-26 presents the static
pressure plotted versus the volume of enclosed space
and the weight of a charge exploded within that space.

Table 2-5
Heats of Combustion Factors for Explosives

Heat of

Combustion

Explosives (kcal/gm)
PETN 1. 95
RDX 2.28
Pentolite 50/50 2.79
Comp B 2,82
Tetryl 2.93
TNT 3.62
HBX-1 3.73
H-6 3.84
Tritonal 80/20 4.38
HBX-3 4. 56
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For each material there is some ratio ¢f chamber-
volume to charge-weight below which the ambient oxygen
concentration is too low to support complete burning of
the detonation products. As a result, the full heat of
combustion is not realized. When this occurs, static
pressures will be lower than predicted by the equation
above. The heat-of-combustion values in the table are,
therefore, upper limit values (the lower limit being
simply the heat of detonation). The range over which
this energy transition occurs for individual explosives
has not been determined.

Note that since the heat of combustion for any explo-
sive is dependent on the chemical processes taking place
during the explosion process, it is appropriate to use
the TNT equivalent weights determined for best param-
eters as heats-of-combustion factors. The heats of
combustion given in Table 2-5 are simply standard
chemical heats of combustion. Values for any other
high explosive or propellant material may be found and
used in the same way as are the listed ones.

2-4.7 FINDINGS FROM PROPELLANT TEST PRO-
GRAMS, Several programs have been conducted in
order to obtain experimental data which could prove
useful for determining the credible damage from assem-
bled propulsion systems. Aside from solid motor haz-
ard classification tests on specific motor packages as
performed for the Armed Services Explosive Safety
Board (ASESB), there was little data obtained under
controlled conditions prior to the 1965-1969 emphasis
on tect programs. Work is currently underway to
analyze the experimental data obtained, to relate it to
incidents observed with assembled systems, and to
examine the philosophy of using explosive equivalence

for establishing a credible damage potential for complex‘

systems of liquid, liquid-solid, and solid rocket vehi-
cles. In addition to the evaluation of the various refer-
ences cited herein, the reader is strongly urged to
obtain and refer to the ASESB documents DOD 4145. 26M
and DOD 4145. 27M together with all their pertinent
annexes and revisions. Considerable review effort is
in progress with respect to these manuals (references

2 and 12).

2-4.7.1 Project PYRO. This propellant test program
and study was conducted in order to develop a more
reliable prediction method for estimating credible
damage potential of liquid propellant missiles or space
launch vehicles. Accidental failure modes during
launch or test-firing operations were evaluated. The
propellant combinations N204/N2H4-UDMH (50: 50),
LO2/RP-1, and LO2/LH2 were examined. The hyper-
golic N204/N2H4-UDMH system was studied in several
configurations and with total weights of 200—-1000 pounds
of propellants, The second element of the PYRO study
included the cryogenic propellants with total weights up
to 100, 000 pounds and full scale Saturn S-IV and Titan I
first stages.

According to experts who reviewed the Project PYRO
final report, much valuable peak over-pressure and
positive-phase impulse data was obtained. The influence
of vehicle (or propellant tank) impact velocity on fall
back, missile or vehicle geometry, tank ullage (outage)
volume, the total quantity of propellants and other fac-
tors were examined in the program and are discussed
in detail in the final report (reference 13). A statistical

analysis o. Project PYRO liquid propellant explosion
data was performed by an independent contractor
(reference 14) for the Future Studies Office, NASA-
Kennedy Space Center. The formal PYRO report high-
lights the importance of actual ignition time after pro-
pellant release, mixing parameters and other factors
which control the ignition time. The total energy re-
leased was quite variable and a Hazards Working Group
PYRO review team strongly urged that a theoretical
and statistical evaluation be made of this project to-
gether with data from related studies in order to assess
the hazards more accurately from pre-launch to the
boost phase of a launch.

2-4.7.2 Project SOPHY. This project was conducted
with the objective of predicting the hazards associated
with the handling, transporting, testing, and launching
of solid-propellant rocket motors. It was performed in
two phases, SOPHY I and SOPHY II. In the first phase
the critical diameter of typical military class O (com-
posite propellants) was determined and then the critical
diameter concept was extended to include several pro-
pellant grain configurations and to include a determina-
tion of the effect of donor intensity, configuration, and
location. Critical geometry studies were made to
determine the point of partial or complete detonation as
a function of these parameters. In SOPHY I initiation
criteria were developed with additional critical diameter
and critical geometry data points,

The peak side-on overpressure and positive-phase
impulse data from 22 tests with PBAN propellant and
RDX adulterated PBAN grains. The tests were con-
ducted with grains shaped like right circular cylinders
with diameters varying from 11 inches to 72 inches and
length of a fixed multiple of four times the diameter.
TNT equivalency data is also presented in the final re-
port but the author suggests that further analysis would
be required to derive complete information on the TNT
equivalency of this type of propellant. This conclusion
was supported by the Hazards Working Group review
team since they recommended that an analysis of PYRO
(see section 4-7. 1) should include an evaluation of the
SOPHY data for liquid-solid propellant baseline refer-
ence on the applicability of the TNT equivalency concept.
Details of the work conducted during Project SOPHY
may be found in Aerojet-General Corporation technical
reports AFRPL-TR-65-211 and TR-67-211, Vols. I and
11 (reference 15).

2-4,7.3 Other Applicable Propellant Studies. Members
of the PYRO review team, Hazards Working Group, sug-
gested that there were several other valuable studies
and theoretical works that should be considered for a
more complete picture of propellant explosive hazards.
Examples cited included:

a. "Prediction of Explosive Yield and Other
Characteristics of Liquid Propellant Rocket
Explosions," by Erich A. Farber, University
of Florida at Gainesville, Florida, NASA
Contract NAS10-1255, final report of 31

October 1968. (A4 9~ 2 44 2 077 )

b. "Evaluation of Explosive Hazards Criteria
and Safety Practices Associated with Titan I
Launch Facility Siting, Design, and Opera-
tions, " by Paul Kennedy, Aerospace Corporation




e e

e,

5P M e

AL

TOR-0158 (3302)-1, DDC Doc. No. AD
829 728. January 1968.

""Size and Duration of Fireballs from Pro-
pellant Explosions," J. B. Gayle and J. W.

-X- st 1965,
Bransford, NASA TM-X }:%&3;‘: Angn(t/véa__ 32253)
" Liquid Propellant Explosive Hazards, "
A. B. Willoughby, C. Wilton, and J.
Mansfield, URS No. 652-35 or AFRPL-TR-
68-92, December 1968. VOL.Z (A2 §55 084/

Vor Z (AP 857 342) Voo B (40855 087)

"Pyrotechnics, Hazards Classification, and
Evaluation Program, " NASA contract NAS8-
23524, short title "KEMPOS for NASA/MTF-
MSFC," by G. E. - MTSD, Bay St. Louis,
Miss., G.E. - MTSD-R-026 and G. E. MTSD-
R-030 October and November 1969 resp.

"Determination of Explosion Yield of an Exo-
thermic or Detonable Reaction,” S. R.
Brinkley, Jr., Symposium on Loss Preven-
tion in the Process Industries -~ Part V,
Preprint No. 29(b), New Orleans, La.,
16-20 March 1969.

"Liquid Propellant Explosions,” R. F.
Fletcher, Journal of Spacecraft and Rockets,
Vol. 5, No. 10, October 1968,

"Nitrogen Tetroxide Evaporation—Rate
Studies,” Chemical Process Laboratory,

EXPLOSION EFFECTS AND DAMAGE

Edgewood Arsenal, Md., Technical
Memorandum EATM2-11-1, (DDC No. AD
488 566), August 1966.

""Report of Fragmentation Program, "
Aerojet-General Corp. for Naval Weapons
Laboratory, Dahlgren, Va. on Contract

NOrd 18161, AGC No. 0179-64F.

""Development of Damage Indexes for Open
Frame Structures Subject to Liquid Propellant
Explosions,”" V. M. Conticelli and G. C.

Kao, Wyle Laboratories, Research Staff
Report No. WR 67-13, May 1968.

""Sonic and Vibration Environments for

Ground Facilities— A Design Manual, " L.

C. Sutherland, Wyle Laboratories, Research

Staff Report No. WR 68-2 March 1968. (X4&-/3741)

"Preliminary Investigation of Blast Hazards

of RP-1/LOX and LH2/LOX Propellant Com-
binations,’' J. B. Gayle, C. H. Blakew -od,

J. W. Bransford, W.H. Swindell, and 4. W.

High, NASA-MSFC, Huntsville, Ala.,

NASA TM X-53240, 9 April 1965. (W 5o=23¢ 6 7)

"Project PYRO Dynamic Pressure Accuracy
Evaluation,” C. M. Richey, Air Force Rocket
Propulsion Laboratory, AFRPL-TR-68-111,
(DDC Doc. No. AD 693 566), June 1969.

Note: Figures 2-1 through 2-26 follow,
Next text found on page 2-47.
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Figures 2-3 and 2-4

Free Air Overpressure versus Distance at Various Altitudes

The figures give the peak overpressure at a given distance from a
TNT burst in free air at various altitudes as predicted by Sachs scal-
ing (NavOrd Report 2482). The sea level pressure-distance curve is
based on the theoretical work of Kirkwood and Brinkley (OSRD- 5481)
and the experimental work of Weibull (BRL-X-127) and Fisher (NOLM-
10780). All three sources are in excellent agreement. For explosives
other than TNT, determine their TNT equivalent by multiplying their
weight by the peak pressure factors found in Table 2-3,

}
The effect of altitude on energy release of the explosive is neglected.
The example shows that the peak overpressure at a distance of ' A
30 feet from an 8 pound burst of TNT at an altitude of 90,000 ft is_
1.0 psi. —

The procedure is as follows:

Step 1 - Connect 8 on the W scale with 30 on the d, scale ;
and extend the line to Az scale; read Az =15,

Step 2 - AtA, = 15 ft/(Ibs of TNT)1/3 follow parallel
vertical lines (values of constant A;) to curve.

Step 3 - From intersection point on curve follow horizontal lines
(values of constant 4P,) to 4P, scale; read 1.0 psi.

For additional details see r